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Flicker mitigationAbstract Most of power quality problems for grid connected doubly fed induction generators
(DFIGs) with wind turbine include flicker, variations of voltage RMS profile, and injected harmon-
ics due to switching in DFIG converters. Flicker phenomenon is the most important problem in
wind power systems. This paper described an effective method for mitigating flicker emission and
power quality improvement for a fairly weak grid connected to a wind farm with DFIGs. The
method was applied in the rotor side converter (RSC) of the DFIG to control the output reactive
power. q axis reference current was directly derived according to the mathematical relation between
rotor q axis current and DFIG output reactive power without using PI controller. To extract the
reference reactive power, the stator voltage control loop with the droop coefficient was proposed
to regulate the grid voltage level in each operational condition. The DFIG output active power
was separately controlled in d axis considering the stator voltage orientation control (SVOC).
Different simulations were carried out on the test system and the flicker short term severity index
ðPstÞ was calculated for each case study using the discrete flickermeter model according to IEC
61400 standard. The obtained results validated flicker mitigation and power quality enhancement
for the grid.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Using wind energy as the most important source of renewable
energies is increasing every day and the operational capacity of
wind power plants is expected to reach 425 GW by the end of
2015 [1]. Power quality improvement in the grids connected to
wind farms leads to consumers’ satisfaction, damage reduction
of the sensitive equipment, and development of wind power
plants. Due to the inherent aerodynamic effects of wind speed
such as speed continuous variations, turbulence, and gustyrid, Ain
Nomenclature
Pst short term flicker severity index
xr; xt generator and turbine speed
Te; Tm generator and turbine torque
Hg; Ht generator and turbine inertia constant
Dtg; kseq equivalent torsial damping and torsial spring con-
stant
hsh angular position between generator and turbine
fs stator steady state frequency
xb base angular speed (selected equal to 2pfs)
Vsd; Vsq; Isd; Isq; wsd; wsq stator d and q axes voltages,
currents, and fluxes
Vrd; Vrq; Ird; Irq; wrd; wrq rotor d and q axes voltages,
currents, and fluxes
xs; xr stator and rotor electrical speed
Rs; Rr; Ls; Lr stator and rotor resistance and self-
inductance
Lm; Lrr mutual magnetizing inductance and rotor leakage
inductance
S DFIG slip
Ird; I

rq rotor d and q axes reference currents
KP; KI proportional and integrator coefficients of PI con-
troller
a bandwidth of internal loops of rotor current con-
trol
ap bandwidth of external loop of active power control
Ps; Ps inject; Qs; Qs inject stator absorbed and injected ac-
tive and reactive power
Vsdj j stator phase-neutral peak voltage (equal to 1 pu)
Ps ; Q

s stator reference active and reactive power
VPCCj j; VPCC
  PCC voltage amplitude and reference volt-
age amplitude
Xs; K; Sn stator mutual reactance, droop coefficient, and
wind farm apparent power
It should be noted that rotor quantities refer to the stator
side.
2 H. Mahvash et al.wind, wind farm output power is fluctuated and thus the grid
voltage will be varied. These variations cause power quality
problems, especially flicker emission [2]. Turbulence means
that wind speed at a certain value is not at this value exactly
and continually has a percentage of variations (typically
between 10 and 20%). Turbulence intensity is calculated via
wind speed deviation divided by mean wind speed. Gusty wind
is the sudden increase of wind speed that causes severe changes
in the output active power.
The flicker frequency range is 0.5–42 Hz [3] due to the
dynamic and continuous voltage changes between 0.9 and
1.1 pu. The most sensitive frequency of the glimmering of
luminous lamps that annoys human eyes is around 8.8 Hz
[4]. The flicker severity is measured by two short- and long-
term statistical indexes and calculated in 10 min and 2 h via
the discrete flickermeter model according to IEC 61400 stan-
dard [3–5]. The most important grid parameter affecting the
flicker severity is the short circuit capacity (SCC). By increas-
ing the SCC, the grid will be stronger and power quality prob-
lems will be reduced. The grid X/R ratio affects the flicker
emission, too; but its effect is not as much as the SCC. In rural
and remote regions, grids are usually weak and thus power
quality problems are higher.Fig. 1 Block diag
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in wind power plants because of controllable abilities [6] and
cause lower power quality disturbances for the grid. Due to
the wind speed variations and consequently turbine speed vari-
ations, DFIG performs in super and subsynchronous and even
synchronous modes; but, in all of these modes, the generator
can produce the active power for the grid, which is a remark-
able ability for the DFIG. Block diagram of the DFIG is
shown in Fig. 1. The flicker emission can be reduced by apply-
ing control loops with PI controllers in rotor side converter
(RSC), grid side converter (GSC), and also the pitch angle con-
trol system of the DFIG which have an effective role in
improving the power quality characteristics. In special cases,
power quality equipment is used as well; however, using them
forces high expenses. This equipment often works according to
the reactive power control [7]. Static synchronous compensator
(STATCOM) is one of the most famous facilities in this regard
which is applied in wind farms with DFIGs [8,9].
Flicker mitigation methods in DFIGs are generally divided
into three groups [10,11]. These methods are often used in RSC
based on reactive power control. One of these procedures that
has been presented in different versions is called fixed power
factor; according to this method, generator power factor isram of DFIG.
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grid X/R ratio angle [12–18]. Sometimes, it is necessary to vary
grid voltage level by changing power factor and thus using this
method is limited. Another procedure is called voltage control
and, according to this method, the reference reactive power is
derived via a stator voltage control loop by a voltage regulator
[18,19]. Voltage control method is limited due to the probabil-
ity of interfering with the utility-imposed feeder voltage con-
trol mechanism such as on-load tap changers (OLTCs).
Recently, a novel voltage control combined with reactive
power control was suggested in [20] by an algorithm to extract
the reference voltage value for the point of common coupling
(PCC). The control system is composed of two controllers in
cascade for the wind farm and turbine control. In fixed reactive
power control method, the reference reactive power is set to a
constant amount. In the majority of cases, this amount is set to
zero to ensure unity power factor and reduction in RSC and
GSC currents [21]. Other methods are not generally used for
flicker mitigation and have been presented in different refer-
ences for special cases. In [22], a stator flux estimator was
applied to extract the stator flux, similar to the torque-
current relation in DC machines. In order to control the reac-
tive power, a voltage control loop with a voltage regulator was
used. This method was applied in MATLAB software as well.
In [23], a coordinated active/reactive power control was pro-
posed. According to this method, the reactive power control
was carried out in the RSC and the GSC simultaneously by
sharing the derived reference reactive power to 70% and
30% in the RSC and GSC, respectively.
In this article, an effective method was proposed consider-
ing the reactive power control in the q axis of the RSC accord-
ing to the stator voltage orientation vector control (SVOC).
The value of Irq was directly derived via Q

s without using PI
controller and based on the mathematical equation between
Qs inject and Irq. The amount of Q

s was extracted by the stator
voltage control loop using a simple proportional controller as
the droop coefficient. Also, this method was able to regulate
the grid voltage level by changing the value of Qs and adjusting
the amplitude of Qs inject in each operational condition.
2. Mechanical and electrical models of DFIG
2.1. Two-mass mechanical model
In fact, a mechanical model relates mechanical and electrical
torques. In wind power plants, soft turbine shafts are applied
because of using a gearbox between turbine and generator.
To consider the electromechanical oscillations of the soft shaft,Fig. 2 Two-mass m
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Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001two-mass model has been suggested with higher accuracy than
one-mass model. On the other hand, two-mass model is suit-
able for analyzing transient stability as well [21]. According
to one-mass model, the turbine speed is equal to the DFIG
rotor speed and the shaft stiffness and damping are neglected.
In Fig. 2, two-mass modeling is shown and the mathematical
relations are expressed by Eqs. (1)–(3) [17]:
2Hg
dxr
dt
¼ Te þDtgðxt  xrÞ þ kseqhsh ð1Þ
2Ht
dxt
dt
¼ Tm Dtgðxt  xrÞ  kseqhsh ð2Þ
dhsh
dt
¼ xbðxt  xrÞ ð3Þ2.2. Electrical model
Electrical model expresses the relation of electrical parameters
such as stator and rotor voltages, currents, and fluxes. This
model for DFIG is presented by Eqs. (4)–(16) [24]. It should
be noted that in these equations, the directions of currents
are assumed to be from the grid to the stator and rotor.
Vsdq ¼ Vsd þ jVsq ¼ RsIsdq þ jxswsdq þ
1
xb
dwsdq
dt
ð4Þ
Vrdq ¼ Vrd þ jVrq ¼ RrIrdq þ jðxs  xrÞwrdq þ
1
xb
dwrdq
dt
ð5Þ
Isdq ¼ Isd þ jIsq; Irdq ¼ Ird þ jIrq ð6Þ
wsdq ¼ wsd þ jwsq ¼ LsIsdq þ LmIrdq ð7Þ
wrdq ¼ wrd þ jwrq ¼ LrIrdq þ LmIsdq ð8Þ
Eqs. (4)–(8) can be substituted as follows:
Isdq ¼
wsdq  LmIrdq
Ls
) wrdq ¼ Lr 
L2m
Ls
 
Irdq þ Lm
Ls
wsdq ð9Þ
L0r ¼ Lr 
L2m
Ls
;
Lm
Ls
 1) L0r  Lr  Lm
¼ Lrr þ Lm  Lm ¼ Lrr ð10Þ
Vrdq ¼ RrIrdq þ L
0
r
xb
dIrdq
dt
þ jðxs  xrÞL0rIrdq þ jðxs  xrÞ
Lm
Ls
wsdq
þ Lm
xbLs
dwsdq
dt
ð11Þechanical model.
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xb
dwsdq
dt
¼ Vsdq 
Rsðwsdq  LmIrdqÞ
Ls
 jxswsdq ð12Þ
Erdq ¼ Erd þ jErq ¼
Lm
Ls
ðVsdq  Rs
Ls
wsdq  jxrwsdqÞ ð13Þ
R0r ¼ Rr þ Rs
Lm
Ls
 2
 Rr þ Rs ð14Þ
Vrdq ¼ R0rIrdq þ
L0r
xb
dIrdq
dt
þ jðxs  xrÞL0rIrdq þ Erdq ð15Þ
Erd and Erq as disturbance are named rotor back-emf voltages
and reflect effects of the stator dynamics on the rotor current
dynamics; therefore, these terms play a main role in the DFIG
transient performance [24]. By neglecting the stator and rotor
resistance in a steady state mode, Erdq is calculated approxi-
mately by
Erdq  Lm
Ls
SVsdq ð16Þ
The nominal range or DFIG slip is between 30% and 30%;
however, in the majority of operating cases, DFIG works
around synchronous speeds. By overrunning the wind speed
and reaching to high speeds such as 20 m/s and greater than
it, the DFIG speed and slip could significantly increase; there-
fore, Erdq may cause power quality problems. In these condi-
tions, applying the feed-forward compensating term to the
control loop of the rotor plant could be helpful for remarkable
reduction of these disturbances [24]. In middle wind speeds as
favorite speeds for wind power plants, the DFIG slip usually
has low values. In this study the variations range of each
DFIG slip in the test system was between 6% and 4% based
on the simulation results and by considering the wind speed
changes from about 7 to 20 m/s. The term ðxs  xrÞL0rIrdq
expresses cross coupling between d and q axes. For low values
of DFIG slips in the most operational cases, the amount of
(xs  xr) is low and of course L0r has very low values; Conse-
quently, the cross coupling terms could not significantly affect
on the grid power quality. Same as expressed about the
eliminations of Erdq effects, using the feed-forward compen-
sator is suitable when these terms seriously cause power quality
problems. By compensating the cross coupling terms, the d and
q axes rotor current control loops will be decoupled [6–24].
Block diagram of the rotor plant control in d axis (similar
to q axis) is shown in Fig. 3.rdE
rqrrs IL
')( ωω −
rdV
*
rdI
PI
Feed-f
++
- -
Fig. 3 Block diagram of rot
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3.1. Rotor side converter
DFIG active and reactive power is controlled in the RSC [6].
Based on SVOC, d and q axes control active and reactive
power, respectively. Ird and I

rq for the internal loops of the
rotor current control are derived via the external loops of
the active and reactive power controls.
3.2. Grid side converter
By wind speed variations, rotor power flow direction will be
changed and DC-link capacitor is charged and discharged con-
tinually [6]. The main duty of GSC is to keep the DC-link volt-
age constant [6]. According to SVOC, Ird is obtained via the
external loop of the DC-link voltage control and Irq is set to
zero to ensure the unity power factor for the GSC.
3.3. Pitch angle control
Pitch angle control limits the DFIG active power and rotor
speed by increasing the blade pitch angles at high wind speeds.
At low wind speeds such as 7 m/s, the blade pitch angles are set
to zero to extract maximum wind power. When a fault occurs,
the generator active power is highly reduced and pitch control
system limits the turbine aerodynamic power by low voltage
ride through (LVRT) capability of DFIG.
4. Design of PI controllers for RSC
4.1. Design for the internal loops of the rotor current control
PI controllers are usually used in the control loops of DFIGs.
In order to calculate KP and KI, different methods have been
applied [25,26]. In this study, pole-cancelation method [24]
was used to eliminate the rotor plant pole ð R0rxb
L0r
Þ by the con-
troller zero ð KI
KP
Þ considering Eqs. (17)–(21) (refer to Fig. 3).
FoðsÞ ¼ KP þ KI
s
 
 xb
L0r sþ R
0
rxb
L0r
  ð17Þ
FoðsÞ is the open-loop transfer function of internal loops of the
rotor current control in d and q axes. By applying the pole-
cancelation method Eq. (17) is changed to (18).rdE
rqrrs IL
')( ωω −
rdI
s
L
R
b
r
r
ω
'
'
1
+
Rotor plant
orward compensation
-
+
or plant control in d axis.
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L0r
1
s
ð18Þ
a is defined by
a ¼ KPxb
L0r
) apu ¼ axb ¼
KP
L0r
ð19Þ
where, apu is a in per unit form.
The closed-loop transfer function (FcðsÞ) is given by
FcðsÞ ¼ Ird
Ird
¼ FoðsÞ
1þ FoðsÞ ¼
a
sþ a ð20Þ
Finally, PI coefficients are calculated by Eq. (21).
KP ¼ apuL0r;
R0rxb
L0r
¼ KI
KP
) KI ¼ KPxb
L0r
R0r ¼ aR0r ð21Þ
These equations are similarly used for q axis.
According to Eq. (21), KI depends on the value of R
0
r. When
DFIG is warmed up, R0r will be increased; therefore, KI will be
changed. To solve this problem, a is typically selected around
2 pu to reduce the effect of R0r increase on the value of KI due
to warming up. Thus, KI will be dominantly dependent on the
value of a, instead of that of R0r. The value of L
0
r is too small
and KP depends on the value of a, too.
Eq. (17) shows that PI controller added one zero and one
pole to the rotor plant model; therefore, FcðsÞ will be extracted
as FcðsÞ ¼ KPsþKIL0r
xb
s2þðR0rþKPÞsþKI
. The proposed method eliminates the
rotor plant pole; consequently, in Eq. (20), FcðsÞ appears as
the first order model. As shown in Fig. 4(a), the root locus of
the rotor plant control based on the proposed method is contin-
ually located on the left side of the imaginary axis, because a is
always chosen to be positive values. In Fig. 4(b), the root locus
is drawn when the conventional method is considered. For the
positive values of Kp and KI, the root locus of the rotor plant
is always placed on the left side of the imaginary axis. For-2.5 -2 -1.5
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Fig. 4 Root locus of rotor plant control (a: considering the proposed
KP ¼ 0:2 and KI ¼ 8).
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optimization algorithm derives negative coefficients for the
controller, the root locus would be transferred to the right side
of the imaginary axis and the plant would be unstable.
4.2. Design for the external loop of the active power control
External loop of DFIG output active power control extracts
Ird for the internal loop of the rotor d axis current control.
Ps and Ps inject are given as follows:
Ps ¼ ReðVsdqIsdqÞ ¼ VsdIsd þ VsqIsq ð22Þ
According to SVOC,
Ps ¼ Vsdj jIsd ) Ps inject ¼  Vsdj jIsd ð23Þ
Vsq ¼ 0) wsd ¼ LsIsd þ LmIrd ¼ 0) Isd ¼ 
Lm
Ls
Ird ) Ps inject
¼ Lm
Ls
Ird Vsdj j ð24Þ
For the external loop of the active power control, the pole-
cancelation method is used in a similar manner to the internal
loops and according to Fig. 5.
FoðsÞ ¼ KP þ KI
s
 
 a
sþ a
Lm
Ls
Vsdj j ð25Þ
ap ¼ KPLma Vsdj j
Ls
ð26Þ
The loop pole ðaÞ is eliminated by the zero of controller.
FcðsÞ ¼ Ps inject
Ps
¼ FoðsÞ
1þ FoðsÞ ¼
ap
sþ ap ð27Þ
KP ¼ apa
Ls
Lm
1
Vsdj j ;
KI
KP
¼ a) KI ¼ aKP ð28Þ-1 -0.5 0
(a)
ot Locus
al Axis
-400 -200 0
(b)
ot Locus
eal Axis
method where a ¼ 2 pu, b: considering conventional method where
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Fig. 5 External loop of active power control in RSC.
6 H. Mahvash et al.According to Eq. (28), the controller coefficients of the exter-
nal loop depend on the values of a and ap. Value of ap is typ-
ically selected as a percentage of the value a (for example, 2%)
considering the simulation results.
It should be noticed that the final values of PI coefficients
were set considering the simulation results presented in
Figs. 6–9. In these figures, the effects of changing a and ap on
the grid voltage and DFIG active power for the test system at
the wind speeds of 12 and 18 m/s are demonstrated to choose
the proper amount for a and ap. As expressed, the value of a
was chosen to reduce the dependence of KI and KP on the DFIG
parameters. Also, it is shown in Figs. 6 and 7 that the value of a
reduction to 0.2 pu or increase to high amounts such as 20 pu
caused oscillations on the DFIG active power and consequently
the grid voltage. The results demonstrated that the suitable value
of a was around 2 pu. Similarly, Figs. 8 and 9 represent that the
reduction and increasing in amount of ap, according to Eq. (21),
changed the value ofKP for the external loop of the active power
control in the RSC. By choosing an improper amount of KP, the
DFIG active power was not controlled properly, which caused
power quality problems for the grid. As represented, the
applicable value for ap was around 2%a.
Similar to the previous section, the root locus of the active
power control loop using the proposed method is similar to1 1.1 1.2
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Fig. 6 Effect of changing a on grid voltage and DFIG active power
a ¼ 20 pu, ap ¼ 2% a).
Please cite this article in press as: Mahvash H et al., A new approach for power qual
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001Fig. 4(a), while applying the conventional method would
detect two zeros and three poles in FcðsÞ. Consequently, the
active power control loop could be stable considering the pos-
itive values for the coefficients of PI controllers in the internal
loop of the rotor current control and the external loop of the
active power control in d axis.
5. Reactive power control in RSC
In this section, an effective method is proposed to control
DFIG output reactive power in the RSC. Qs and Qsinject are
calculated as follows:
Qs ¼ ImðVsdqIsdqÞ ¼ VsqIsd  VsdIsq ð29Þ
By considering SVOC,
Qs ¼  Vsdj jIsq ) Qs inject ¼ Vsdj jIsq ð30Þ
Isq ¼
wsq  LmIrq
Ls
 
Vsdj j
xs
 LmIrq
Ls
¼  Vsdj j
Xs
 LmIrq
Ls
) Qs inject ¼ 
Vsdj j
Xs
2
 LmIrq Vsdj j
Ls
ð31Þ
To extract Irq Eq. (32) is proposed based on Eq. (31):1.3 1.4 1.5 1.6
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Ls
 1; Vsdj jpu ¼ 1) Irq ¼ Qs 
1
Xs
ð32Þ
According to Eq. (32) Irq is derived directly without using
PI controller. The amount of Qs plays a main role in regulating
the amplitude of grid voltage by the reactive power control. At
long times e.g. a couple of minutes or hours after the start of
wind farm at different wind speeds, when voltage regulators
such as capacitor banks enter the circuit due to the changes
of loads, grid voltage level may exceed the permissible levels.
Applying the stator voltage control loop with a proportional
controller as the droop coefficient (K) can regulate the value
of Qs in each operating condition to adjust the grid voltage
level. Therefore, Eq. (33) [18] is suggested to calculate Qs .Please cite this article in press as: Mahvash H et al., A new approach for power qual
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  VPCCj jÞ þQs inject ð33Þ
Block diagram of the external control loop of the reactive
power in q axis is shown in Fig. 10.
Overrunning K to higher values causes oscillations on
Qs ;Qs inject and thus the grid voltage flicker will be risen. This
issue is shown in Fig. 11 according to the simulation results on
the test system at the mean wind speed of 12 m/s. In this figure,
the grid voltage in pu and DFIG injected reactive power in
kVAr are presented by K increase from 0.05 to 10. The opti-
mum value of K for the test system is chosen as 0.05.
It is noticeable that most current techniques for reactive
power control extract Irq according to Eq. (34):ity improvement of DFIG based wind farms connected to weak utility grid, Ain
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KI
s
 
 ðQs Qs injectÞ ð34Þwhere Kp and KI are the same values designed for the active
power control. In the majority of cases, the amount of Qs is
chosen as zero for reaching the unity power factor operation1 1.5 2 2.5
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Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001of DFIG. As expressed, sometimes, it is necessary to change
the value of Qs for regulating the PCC voltage level; thus, con-
sidering a constant value for Qs is not applicable in different
operating conditions. The suggested procedure in this study
could adjust the value of Qs and directly extracts the amount
of Irq.6. Simulation results
In this section, simulation results are presented on the test sys-
tem by MATLAB software using the average model of DFIG.
According to the average modeling, the generator converters
are modeled by the voltage and current sources and losses3 3.5 4 4.5 5
me (s)
3 3.5 4 4.5 5
e (s) 
d flicker severity (dotted: K= 10, solid: K= 0.05).
ity improvement of DFIG based wind farms connected to weak utility grid, Ain
A new approach for power quality improvement 9are neglected. This model is suitable for long time studies such
as calculating Pst for 10 min. Considering the sample time (Ts)
that is chosen as 0.05 ms to achieve the accurate results, using
the DFIG detailed model takes a long time for running the
program. Based on detailed model, the converters are modeled
by considering the switching frequencies. This model is applied
for computing total harmonic distortion (THD) index and is
appropriate for studying the switching harmonics problems.
6.1. Configuration of the test system
One-line diagram of the test system is presented in Fig. 12 and
its technical specifications are collected in the Appendix. The
wind farm is composed of three DFIGs and feeds a fairly weak
grid via a transmission line. Weak grids are defined by Eq. (34)
[27]:
SCR ¼ SCC
Sn
ð35Þ
SCR is the grid short circuit ratio. Whatever the value of SCR
is less than 20, the grid is weaker and faces higher power qual-
ity problems.
6.2. Results for different wind speeds
In this section, simulation results are presented for different
mean wind speeds. Wind speed turbulence is assumed to be
10%. In Fig. 13, wind speed profile in m/s, the grid voltage
in pu, and DFIG active and reactive power in kW and kVAr
are demonstrated, respectively, at the mean wind speed of
12 m/s. The range of wind speeds between about 10 and
13 m/s as the middle speeds are favorite for the optimum oper-
ation of wind power plants. As shown in this figure, at middle
speeds, The DFIG performance was acceptable according to
the weakness of the grid. The amplitude of the grid voltage
was between 0.997 and 1 pu and did not exceed the permissible
level (typically 5%); indeed, its flicker severity was not sensi-
ble. The output active power is with the amount of 520 to
560 kW and without severe oscillations or instability on its
profile due to the turbulence intensity. The reactive power con-
trol and consequently the grid voltage control were done in
good shapes and each generator power factor reached the
unity value because the amount of DFIG reactive power
injected to the grid is about 0.75% of the rated power
(4–6.5 kVAr); thus, it in fact means that the exchanged reactive
power between DFIG and the grid is around zero in compar-
ison with the amount of DFIG rated power. It can be noticed
that, at middle speeds, the performance of DFIGs caused
power quality improvement for the grid because of the properTransformer
DFIG
DFIG
DFIG
Cables
Fig. 12 Block diagram
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Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001operations of the control loops in the RSC, GSC, and the pitch
angle control. In Fig. 14, the primary transient conditions of
the grid voltage for four cycles after the start of DFIG are
shown. In these conditions, DFIG showed the dynamic behav-
ior; consequently, the oscillations would be appeared on the
grid voltage and active/reactive power profiles. In MATLAB
software, calculation of the electrical parameters was started
from the second cycle; therefore, in Fig. 14, the simulation pro-
cess was started at 0.02 s. According to this figure, the grid
voltage reached 0.95 pu after one cycle, without any remark-
able variations. According to the various simulation results
which were carried out at the other mean wind speeds includ-
ing 8, 15 and 18 m/s, the primary transient behavior of the grid
voltage is almost similar to Fig. 14. The results for the mean
speed of 15 m/s are demonstrated in Fig. 15. Although the
speeds of around 15 m/s are higher than the middle speeds,
these wind speeds are suitable for the wind farms to operate
very well. As shown in this figure, the grid voltage was located
at an acceptable level with very low flicker severity. The output
power reached around 620 kW and its amount was greater
than the produced active power at the wind speed of 12 m/s.
The reactive power control was carried out perfectly. The reac-
tive power control was carried out perfectly and each DFIG
generated around 5–6 kVAr reactive power according to the
proposed method. Maximum power point tracking (MPPT)
mode of DFIG performance could be proved at the middle
wind speeds; typically, about 10–15 m/s and it is based on
the power curve of the machine. In MPPT mode, the wind tur-
bine could work with the optimum efficiency and the active
power would be produced at an acceptable stable level which
could reach the rated power. Also, in this mode, by the wind
increase to 14–15 m/s, the generated active power profile
would almost linearly increase. As demonstrated in Figs. 13
and 15, in MPPT mode, the machine active power increased
from 520 kW to about 620 kW by the wind speed increase.
The grid voltage profile was located between 0.995 and
0.999 pu and the injected reactive power was from 4 to
6.5 kVAr.
In Fig. 16, the results are shown at the mean wind speed of
18 m/s as a high speed. By considering 10% turbulence, the
wind speed was increased to 20 m/s at some time. High wind
speeds are not proper for wind farms and, if the grid is weak
and the controller is improperly designed, unacceptable power
quality problems in addition to undesirable operation of the
wind farm will occur. As shown in Fig. 16 at high wind speeds,
the grid voltage profile was at the permissible level and its
oscillations were damped after the first second. After the sev-
enth second and during wind speed increase to more than
18 m/s and reaching 20 m/s, there were not detected severe
oscillations on the parameters. The active power profileGrid
Transmission line
of the test system.
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Fig. 13 Wind speed profile, grid voltage, and active and reactive power at the mean wind speed of 12 m/s.
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Fig. 14 Grid voltage variations in the primary transient condition.
10 H. Mahvash et al.showed that there was no over-loading imposed on the gener-
ator due to the correct performance of the pitch angle control
system. The DFIGs produced the active power in the range of
630–650 kW. At low wind speeds, although the system perfor-
mance could be proper, the amount of the output power was
fairly low and DFIGs did not produce the active power as
much as their rated power. By the wind speed reduction to
lower speeds such as 5 m/s, the generators will shut down. In
Fig. 17, the results are shown for the mean speed of 8 m/s.
As shown by the wind speed reduction to below 8 m/s, the
oscillations on the electrical parameters increased; but, totally
the flicker emission was not sensible and the grid voltage levelPlease cite this article in press as: Mahvash H et al., A new approach for power qual
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001was around 1.004 to 1.005 pu. The reactive power process was
well controlled and the DFIGs produced less than 5 kVAr
reactive power. The amount of the output active power was
around 210–230 kW for each DFIG.
Pst was evaluated for the presented simulations at 10 min by
the discrete flickermeter and the results are shown in Table 1.
The maximum recommended value of Pst is 0.35 considering
IEC standard [17]. The higher the capacity of the wind farm,
the higher the value of Pst would be. In this table, results
showed low flicker severity on the grid voltage at different
mean wind speeds. It can be noticed that the flicker emission
was increased by the mean wind speed increase.ity improvement of DFIG based wind farms connected to weak utility grid, Ain
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Fig. 15 Wind speed profile, grid voltage, and active and reactive power at the mean wind speed of 15 m/s.
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Fig. 16 Wind speed profile, grid voltage, and active and reactive power at the wind speed of 18 m/s.
A new approach for power quality improvement 116.3. Effect of changing different parameters on power quality
In this section, important effective parameters of power quality
including turbulence intensity, grid SCC, and X/R ratio are
changed. The mean wind speed is assumed 12 m/s. In
Fig. 18, the wind speed profile, considering the turbulencePlease cite this article in press as: Mahvash H et al., A new approach for power qual
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001intensity changes from 5% to 20% and the grid voltage are
shown. According to the results, although the turbulence
increase did not cause the grid voltage level to exceed the per-
missible level, its profile was not smooth and the flicker
increased. These oscillations were due to the variations of
the generator reactive power and directly affected the gridity improvement of DFIG based wind farms connected to weak utility grid, Ain
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Fig. 17 Wind speed profile, grid voltage, and active and reactive power at the mean wind speed of 8 m/s.
Table 1 Pst for different mean wind speeds.
Mean wind speed (m/s) 8 12 15 18
Pst 0.00008 0.00217 0.0033 0.0055
Table 2 Effect of changes in turbulence intensity on flicker
severity.
Turbulence intensity (%) 5 10 20
Pst 0.00152 0.00217 0.0349
12 H. Mahvash et al.voltage profile. In Table 2, Pst was calculated according to the
turbulence changes. It is noticed by the turbulence increase
from 5% to 20%, the value of Pst is increased remarkably.
In Fig. 19, the effect of changes of the grid SCC on power
quality is shown by demonstrating the grid voltage and DFIG2 3 4 5
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Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001output reactive power at the mean wind speed of 12 m/s with
10% turbulence. As shown by the SCC increase, the grid
power quality was improved, because the flicker severity was
mitigated; therefore, the voltage profile would be smoother.6 7 8 9 10
ime (s)
6 7 8 9 10
ime (s)
urb.=10% Turb.=20%
peed turbulence on grid voltage.
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Fig. 19 Effect of changes in grid SCC on grid voltage and DFIG reactive power (solid: SCC = 10 MVA, dotted: SCC= 20 MVA, dash:
SCC = 50 MVA).
A new approach for power quality improvement 13Fluctuations of the output reactive power were reduced when
the SCC was increased. In Table 3, Pst was calculated accord-
ing to the changes in the grid SCC. The results in the table
clearly showed that, by the SCC increase, the grid would be
stronger and the amount of Pst would noticeably reduce. Thus,
the flicker emission for the weak grid connected to the wind
farms was more serious.Table 3 Effect of changes in grid SCC on flicker severity.
SCC (MVA) 10 20 50
Pst 0.0344 0.00217 0.00006
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Fig. 20 Effect of changes in grid X/R ratio on grid voltage and D
R= 10).
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Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001Similar to Fig. 19, the simulation results are presented in
Fig. 20 by the variations of the grid X/R ratio. As demon-
strated by the results, effect of changes of the grid X/R ratio
on power quality was less than the grid SCC. In Table 4, Pst
was calculated according to the changes in the grid X/R ratio.
The results indicated that reduction of the grid X/R ratio
caused the flicker increase; also, when X/R was equal to 1,6 7 8 9 10
me (s)
6 7 8 9 10
e (s)
FIG reactive power (solid: X/R = 1, dotted: X/R = 5, dash: X/
Table 4 Effect of changes in grid X/R ratio on flicker severity.
X/R ratio 1 5 10
Pst 0.00312 0.00217 0.00197
ity improvement of DFIG based wind farms connected to weak utility grid, Ain
14 H. Mahvash et al.the grid voltage level was around 1.05 pu; by the X/R reduc-
tion to the lower values, the voltage level exceeded the permis-
sible level due to consuming the reactive power by the DFIGs.
It is obvious that the effect of changes of the SCC on the flicker
emission was too higher than those of the grid X/R ratio. If the
X/R ratio was reduced to the values less than 1 and the mean
wind speed was increased to 18 m/s with 10% turbulence, the
flicker severity would remarkably increase; however, the grid
X/R ratio was usually greater than 1. In Fig. 21, this issue is
shown by the X/R ratio reduction to 0.1. Based on Fig. 20,
changing the grid X/R ratio caused dominant changes on the2 3 4 5
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Fig. 21 Effect of reducing grid X/R
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Fig. 22 Variable wind speed profile, grid
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Similar to these results, in [11,16], it was shown that when the
voltage control method was applied and the grid X/R ratio was
varied from 1 to 12, then Pst was kept constant around 0.014.
6.4. Applying a variable wind speed profile composed of gusty
wind
In this section, the simulations were carried out by applying a
variable wind speed profile in 60 min with 10% turbulence.
The gusty wind was modeled at the 10th sec by the mean wind6 7 8 9 10
e (s)
6 7 8 9 10
e (s) 
ratio to 0.1 on flicker severity.
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e (s)
0 35 40 45 50 55 60
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e (s)
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voltage, and active and reactive power.
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A new approach for power quality improvement 15speed increase from 10 to 17 m/s. At the 30th sec, the wind speed
was suddenly reduced to 8 m/s. In Fig. 22, the wind speed
profile, grid voltage, and generator active and reactive powers
are represented. As shown, by the occurrence of the gusty wind
and sudden reduction of the wind speed, low flicker severity
was obvious on the grid voltage and its amplitude was between
0.995 and 1.005 pu with a fairly flat profile. The DFIGs
produced the active power well without instability. Range of
the produced active power for each DFIG was around
230–630 kW with respect to the variations of the wind speed.
When the gusty wind occurred, each generator injected
reactive power reached around 10 kVAr for a couple of cycles;
after that, the DFIGs produced around 6 kVAr reactive
power. When the wind speed was reduced to 8 m/s, the DFIGs
consumed around 5 kVAr reactive power at a couple of cycles
and then the generators injected around 3 to 6 kVAr reactiveElement Parameter Value Units
Wind farm Capacity 1980 kW
DFIG Rated power 660 kW
Rated stator voltage 690 V
Rated rotor voltage 1815 V
Frequency 50 Hz
Number of pole pairs 2 –
Moment of inertia (jG) 28 kg/m
2
Stator resistance 0.0054 Ohm
Stator reactance 0.032 Ohm
Rotor resistance (referred to the stator side) 0.0042
Rotor reactance (referred to the stator side) 0.0549 Ohm
Magnetizing reactance 1.96 Ohm
Rotor diameter 47 m
Pitch angle control Rate limiter ±10 deg/s
System Max pitch angle 27 degrees
Min pitch angle 0 degrees
Turbine Rated power 660 kW
Moment of inertia 520,000 kg/m2
Kseq 0.6 pu/elec.rad
Dtg 1.5 pu
Gearbox Ratio 1:52.7 –
Grid SCC 20 MVA
SCR 10 –
X/R ratio 5 –
Transmission line Length 20 km
R1, R0 0.1153, 0.413 Ohm/km
L1, L0 0.00105, 0.00323 H/km
C1,C0 0.1153e9, 0.413e9 F/km
Cables R1, R0 0.85, 1.211 Ohm/km
L1, L0 0.001342, 0.004154 H/km
C1, C0 9.316e9, 4.403e9 F/km
Air density 1.225 kg/m3power to the PCC. Therefore, the reactive power process was
properly controlled according to the proposed method.
7. Conclusion
This paper presented an effective approach for mitigating grid
voltage flicker and improving power quality. The method wasPlease cite this article in press as: Mahvash H et al., A new approach for power qual
Shams Eng J (2015), http://dx.doi.org/10.1016/j.asej.2015.09.001applied in RSC to control DFIG output reactive power. By
regulating the droop coefficient, the stator voltage control loop
was used to extract the reference reactive power and directly
calculate the q axis reference current without applying PI con-
troller. DFIG active power was also separately controlled in d
axis according to SVOC strategy. PI controllers were designed
by the pole-cancelation method through defining the band-
width. On the basis of the method, the flicker emission was
analyzed at different mean wind speeds considering turbulence
and change in the grid parameters. Finally, a variable wind
speed profile composed of the gusty wind was used for the sim-
ulation process. Simulation results together with calculating
Pst validated the flicker mitigation and power quality improve-
ment for the weak grid.
Appendix A. A.1. Test system parametersTurbine power coefficient:Cpðk; bÞ ¼ 0:9 0:5176 116ki  0:4b 5
 
e
21ki þ 0:0068k
 
;
ki ¼ ðb
3 þ 1Þðkþ 0:08bÞ
b3 þ 1 0:035ðkþ 0:08bÞity improvement of DFIG based wind farms connected to weak utility grid, Ain
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